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ABSTRACT 

Nickel alloys arc favored for electroforming precision components. Nickel phosphorous and nickel cobalt 
phosphorous are studied in this work. A completely new and innovative electrolytic process eliminates the 
fumes present in electroless processes and is suitable for electroforming nickel phosphorous and nickel cobalt 
phosphorous alloys to any desirable thickness, using soluble anodes, without stripping of tanks. Solutions show 
excellent performance for extended throughput. Properties include, cleaner low temperature operation (40 - 45° 
C), high Faradaic efficiency, low stress, Rockwell C 52 - 54 hardness and as much as 2000 N/mm 2 tensile 
strength. Performance is compared to nickel and nickel cobalt electroforming. 
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Introduction 

In order to meet the goals of advanced space x-ray 
optical component fabrication, the use of new tech- 
nology materials and methods of forming x-ray mir- 
rors are being investigated. The mirrors are of the 
Wolter II design, that is a thin, nearly cylindrical 
shell with the optical surface on the inside. Future 
programs, however, demand much greater collect- 
ing areas achieved by nesting large numbers of suc- 
cessively larger shells. This in turn necessitates 
much lighter mirror shells to stay within cost limits 
and launch vehicle capabilities. 

The process of electroforming nickel x-ray mirror 
shells from superpolished mandrels has been widely 
used. The recently launched XMM mission by the 
European Space Agency (ESA) is an excellent ex- 
ample, containing 174 such mirror shells of diame- 
ters ranging from 0.3 - 0.7 meters and with a thick- 
ness range of 0.47 - 1.07 mm. To continue to util- 
ize this technique for the next generation of x-ray 
observatories, where larger collecting areas will be 
required within the constraints of tight weight 
budgets, demands new alloys must be developed. 
This is so that the mirrors can withstand the large 
stresses imposed on very thin shells by the replica- 
tion, handling and launch processes. 

It is required that the internal surface finish be 
nearly atomically smooth at about 1 - 4 A rms and 
that the longitudinal and circularity form be ex- 
tremely precise, on the order of one or two mi- 
crons/meter. Further, the processing must be done 
reasonably near room temperature, as large tem- 
perature changes may alter the figure of the man- 
drel. In addition, the environment must not be cor- 
rosive or otherwise damaging to the mandrel during 
the processing. 

The electrodeposited alloys of choice to date for this 
study are nickel cobalt phosphorus of about 16-18% 
Co: 9-11% P, balance nickel by weight, and nickel 
cobalt, 20-25% Co: balance Ni with traces of car- 
bon and sulfur. The ratios may vary somewhat 
without serious consequence. These alloys have 
very high strength, with high plastic onset. These 
materials are also very hard. The phosphorous con- 
taining alloy can be readily machined with diamond 


or other hard tools. Also the density of this alloy is 
about 10% lower than pure nickel, or nickel cobalt. 
Pure nickel electroform properties are compared 
here to demonstrate the improved qualities of the 
alloys. The results of the development program are 
presented. 

High-Resolution Replicated Optics Require Ad- 
vances in Adhesion Control and Shell Materials 

Three dominant issues regarding deformation must 
be satisfied. 

1) Internal stress in the deposited shell must be ex- 
tremely low and uniform. 

2) Adhesion must be minimized. 

3) Material must be able to resist deformation due 
to applied stresses imparted during the separa- 
tion and other stages of fabrication. 

The relatively high density of nickel (8.9 g/cm 3 ) 
means that replicated shells must be extremely thin 
if they are to be light weight. While thin shells can 
be supported for handling and for testing with some 
difficulty, the most challenging aspect is to produce 
mirrors that are not deformed in the fabrication pro- 
cess. The deposition process will typically produce 
internal stress in the material as stored energy de- 
scribed elsewhere. During the separation of the 
electroformed shell from the mandrel, large enough 
stresses can be imposed on the mirror shell to cause 
plastic deformation. The separation stresses in the 
thin shells are dependent upon the level of adhesion 
of the mandrel to the shell and on the shell thick- 
ness. Therefore, the shell material must have a high 
yield strength and very low ductility. 

For example the mirrors (shells) for the planned 
Constellation-X mission are to be 1/6 of the weight 
of presently electroformed shells made of pure 
nickel by the European Space Agency for the XMM 
and ABRIXUS missions. 

To address these needs, shell technology develop- 
ment at MSFC has concentrated on reducing the 
internal stress, reducing the shell adhesion by suit- 
able mandrel surface treatments and increasing the 
yield strength of the electroformed nickel through 
various alloying processes. 


Electroformed Precision Optics 

In order to fabricate the shell it is required to de- 
posit the material onto a very highly polished sub- 
strate. This mandrel is made as follows: 

1) Machine aluminum mandrel 

2) Coat with electroless nickel phosphorus 

3) Diamond machine to the final form and figure 

4) Polish to the required optical finish 

5) Passivate by an oxidation process 

6) Evaporate gold to about 1000 A. 

The gold is deliberately very poorly bonded to the 
mandrel. The shell deposit is then applied with high 
adherence to the gold. The temperature of the man- 
drel and shell is lowered with LN2 until the differ- 
ence in the thermal expansion separates the shell 
from the mandrel. The mandrel is then cleaned, in- 
spected and returned to plating. 

Internal Stress Considerations in X-ray Optics 

The internal (or intrinsic) stress varies with plating 
conditions. It is possible to adjust the current den- 
sity, temperature, and agitation to optimize a par- 
ticular chemistry for low stress over a reasonable 
range of current density for the processes studied. 
The internal stress of pure nickel can be controlled 
within certain limits using prior knowledge. Typi- 
cally ± 5 MPa is considered very good control for 
most applications. For the larger shells we must 
have control to about ± 0.5 MPa. Note that the 
stress is manifested as bending stress and not typi- 
cally uniaxial or biaxial tensile or compressive 
stress. For the alloys considered the control meth- 
ods for the stress had to be developed. 

In order to accurately and expediently observe the 
stress in the deposits we use three methods. First 
the use of an electronic monitor with a recorder or 
computer data acquisition is the primary instrument 
for data acquisition and also real-time control. This 
approach has been extended to include variable 
flow input and is used to measure the hydrodynamic 
effect of the transport phenomena on internal stress. 
In order to observe the effects of the plating vari- 
ables on thick deposits, an arrangement with cylin- 
drical rings was plated. Then the rings were cut to 


reveal the bending stresses by either opening or 
closing of the gap. The gap change of the ring was 
used to calculate the residual stress. This method 
was extended to evaluate the stress in the shells as 
well. For the deviation in a given shell due to inter- 
nal stress, a long trace profilometer is used to corre- 
late the figure of the shell to that of the original 
mandrel. If the stress varies with current density 
and the current density varies over the part, then the 
stress varies over the part of course. This gradient 
in the stress must be held to an absolute minimum 
for the large thin shells of concern. 

To control the uniformity of the deposit, shielding 
of the electric field is required. A commercial elec- 
trochemical boundary element program 1 was used 
to develop the shielding for each configuration of 
mandrel and process configuration tested. This has 
helped to achieve a thickness uniformity of the elec- 
trodeposited shell to within a few percentile. This 
in turn provides nearly uniform stress along the op- 
tical profile if uniform agitation of the plating solu- 
tion to part surface, is also achieved. 

The deformation due to internal stress in the x-ray 
mirror can be approximated by segments of discon- 
tinuous hoop stresses along the length of the shell. 
This gives a modest overestimation since the stress 
is actually coupled and at least biaxial, but is very 
useful for determining the actual distortion. By 
knowing the stress at a given current density and 
also the plating rate for the given current density it 
is then possible to measure the thickness profile and 
estimate the stress profile and by these approxima- 
tions, estimate the deformation. For the tensile case 
the circumference of the optic will tend to be less by 
the strain induced for relaxation of the stress using 
simple Hook’s law principles. Likewise for the 
compressive case, the shell will tend to be larger in 
diameter. If the stress is uniform along the length 
of the optic (within small limits) the entire shell will 
tend to be only slightly larger or smaller overall, 
changing the focal point with respect to the end of 
the shell slightly. Analysis shows that there is also 
a longitudinal deformation due to the bending na- 
ture of the internal stresses. This stress increases 
the deformation slightly at the ends. 


T L-Chem Inc. Shaker-Heights, OH 


The internal stress gradient along the length of the 
shell is a function of plating variables, particularly 
in real time, the current density and the agitation of 
the solution. A gradient of 0.75 MPa distributed 
over half the length of the part will deform the opti- 
cal path beyond use for the larger parts while per- 
haps remaining acceptable for the smaller sizes. It 
is imperative to maintain constant conditions on the 
current density and any variables affecting this gra- 
dient. 

Plating Stress and Hooks Law: 

Stress = a* = E (e x + E y )/(1- p 2 ) 

Where E = The elastic modulus, epsilon is the strain 
in x and y and p. is the Poisson's ratio. 

From this the Stress is the product of about 1.4 * 
Elastic Modulus * Strain. 

The optical distortion is the change of Circumfer- 
ence/27t due to the strain, measured as the change in 
radius for each increment considered. This then 
causes the change in the angular accuracy of the 
shell over the length considered. See Figure 1. 

Separation Stress: 

The strain applied to the shell during the separation 
process is related to the (CTE Aluminum - CTE 
Shell) * Delta Temperature. The stress is then 
found from geometric and Hook’s law principles 
from the applied biaxial strain. The strain is as- 
sumed biaxial due to the thin shell. Since the shell 
is in compression for this operation, any permanent 
deformation would be in the form of buckling. It is 
found that about 25 MPa is applied for each 10° C 
drop in temperature. The stress applied is a func- 
tion of shell thickness with the thinner shells sub- 
jected to more stress in order to overcome the adhe- 
sion. Very large stresses can be imparted in thin ma- 
terials by even a modest amount of adhesion. For 
example, a 0.25-mm-thick shell would experience a 
stress of around I0 2 MPa when being thermally re- 
leased from a solid mandrel at a low adhesion of 
7 10 5 Pa, independent of diameter. To achieve sta- 
ble and low adhesion, we have experimented with 
many types of surface treatments and coatings these 


past few years, all designed to give low adhesion in 
a uniform and controlled manner without degrading 
the mandrel’s superpolished surface. The most 
promising of these approaches, and the one we are 
currently using, results from applying a metal-oxide 
coating immediately prior to gold-plating the man- 
drel. Tests with polished flats (5 A rms surface) 
showed no measurable (<1 A) increase in surface 
roughness, and test separations confirmed low uni- 
form gold adhesion at the desired 7 10 5 Pa level. 

At this level of adhesion, the stress in our example 
0.25-mm thick shell would be around 10 8 Pa - com- 
fortably below the yield strength of ordinary nickel 
(~4*10 8 Pa). However, this yield strength represents 
a permanent strain of 2000 parts per million (ppm). 
Of concern here, is a permanent change at the parts 
per million level, termed microyield, or precision 
elastic limit (PEL) and in pure nickel this is evident 
at loading significantly below the yield stress. 

Precision Elastic Limit 

A speckle interferrometric procedure and also a 
dual strain gauge method were used independently 
to determine the PEL of the different materials con- 
sidered. In this process the microstrain was deter- 
mined after loading a tensile test (ASTM E8) to a 
particular level and then returning to a fixed low 
starting point. This is known as a “ratchet” test and 
if the sample returns to virtually the same strain 
level then the microstrain is zero. However, as the 
load is incrementally increased and the sample is 
measured, the plastic deformation begins to appear 
for more ductile materials. For glassy materials 
such as ceramic or about any glass, the return from 
any load below fracture does not produce perma- 
nent deformation at sufficiently low temperature. 
Key to performance of a brittle material is the mag- 
nitude of the failure level. Most ceramic materials 
fail below about 8*10 5 kPa. Glassy nickel has been 
deposited with about 2 to 3 times this ultimate 
strength 

The UAH speckle interferometry system developed 
by Dr. Vikram was used for measuring the mi- 
croyield of candidate electroplated test samples. 
The technique uses laser speckle interferometry to 
record changes in a sample’s length after a load has 


been applied and then released. Gradually increas- 
ing the applied load generates a set of data showing 
permanent strain as a function of applied stress. Per- 
forming these tests on pure demonstrate that the 
above -quoted stress of 10 8 Pa would produce a per- 
manent (and unacceptable) strain at the level of 70 
ppm. 

Clearly, pure nickel is not a viable material if very- 
light-weight, and hence very-thin, optics are re- 
quired. We therefore developed low-temperature, 
low-stress plating processes for much higher 
strength nickel-based materials. Pure nickel, with 
the addition of certain organic compounds to give 
much finer grain structure, and nickel/cobalt alloys, 
were all found to have microyields two to three 
times higher than the pure nickel. Nickel phospho- 
rous and nickel cobalt phosphorous demonstrate 
"glassy" behavior. Although an electronic conduct- 
ing metal, this material shows little evidence of 
crystalline structure and behaves much more like a 
ceramic, exhibiting essentially no ductility when 
stressed at room temperature. See figure 2. 

We have put considerable effort into developing 
and understanding this material, which has an ulti- 
mate tensile strength of ~2*10 9 Pa and a PEL of at 
least 5.10 8 Pa at room temperature for moderate 
time, which is the limit of our test. Due to its glass- 
like behavior, the microyield may well approach the 
ultimate tensile strength - at which point the metal 
shatters, glass-like, into many tiny pieces. Figure 2, 
curve-5, shows the microyield data obtained for our 
new material. The limiting resolution of the test 
method, due to sample flexing under load, is be- 
tween 5 and 10 ppm, so curve-5 is consistent with 
no permanent strain under the experimental condi- 
tions. Use of the glassy nickel material will permit 
much thinner shells to be plated, down to thick- 
nesses of 0.15 mm, if cryogenic separation tempera- 
tures are used. Use at higher than room temperature 
will require more study. 

Electroformed Nickel Alloys 

Numerous electrodeposited alloys including com- 
posites of nickel with various ceramic or other 
powders incorporated (electrocomposites) have 
been reported with improved mechanical properties 


over pure nickel. For almost as long as nickel has 
been used for forming freestanding shapes, the 
search for improved properties has been pursued. 
Notably, improvements have been well established 
by the use of cobalt as an alloying constituent. Also 
the addition of organic additives has led to control 
of the stress and improved hardness. The hardness 
is a first measure, in most materials, of the yield 
properties. 

Nickel Alloy Considerations 

Our first attempts at improving the material proper- 
ties were centered on nickel cobalt and organic ad- 
ditives for the nickel or nickel cobalt. By adding a 
small amount of cobalt to a highly concentrated 
commercial nickel sulfamate solution (3% of the 
nickel total) about 15% to 30 % cobalt will be ob- 
tained in the deposit. This in tum increases the in- 
ternal stress to an unacceptable level for the present 
needs. Therefore, the addition of organic additives 
to the nickel cobalt was optimized to balance the 
stress over a wide range of current density, provid- 
ing a harder, stronger deposit with significantly im- 
proved PEL. This approach has permitted the de- 
velopment of very uniformly 'low stress alloy plat- 
ing with significantly improved PEL. 

Addition of the organic additives to the nickel alone 
required that some form of stress offset in the oppo- 
site (tensile) direction be used since the use of the 
common "hardeners" imparts a compressive stress 
value. For this, the addition of several ions other 
than cobalt were made in small amounts. Chloride, 
iron, zinc, manganese and lead were tested one at a 
time. Typically the stress could be offset however 
the offset was such that the stress versus current 
density was very sensitive due to the differences in 
the potential of preferred reduction of nickel with 
respect to each ion tested. This in tum creates prob- 
lems for the fabrication process since it is difficult 
to control the current density to be absolutely uni- 
form over the x-ray mandrel while plating. As such 
cobalt was used as the choice of alloying metals due 
to the similarities with nickel in deposition proper- 
ties and the uniform stress vs. current density 
achieved with the other additives. A third alloy ap- 
proach was for the refinement of nickel phosphorus 


(NiP) or other “glassy” nickel alloy deposition at 
low temperature and with controlled low stress. 

Combined Property Requirements: 

Therefore the limitation on the thickness of the 
shells is related to the adhesion and the first onset of 
yield of the shell material. This in turn dictates a 
high PEL for the material in order to assure no dis- 
tortion after separation. 

The interfacial surface tension is given by: 

AT (ccai - «Ni) * E Ni * Thickness Shell = Applied 
Surface Tension along an imaginary line of unit 
length. Omitting detail on the thickness of the alu- 
minum mandrel and the thickness of the electroless 
coating on the mandrel, the radial adhesion stress is: 

AT (cc A i - a N j) * Ri *E Ni /(( Ri 2 ) * ((1 /thickness) - 
p/(2*thickness))) = a Adhesion 

And the hoop stress is approximated by: 
a Adhesion * Ri / thickness = a Hoop 

From which the stress in the shell is approximately: 
SQRT(a Hoop 2 + a Adhesion 2 ) 

Figure 3 is a family of curves showing the relation- 
ship of the minimum thickness of a given cylindri- 
cal shell versus the accepted PEL for different adhe- 
sion levels. Note that the adhesion is expressed in 
terms of surface tension in this chart. 

Electroformed Nickel and Nickel Cobalt Phos- 
phorus (NiP or NiCoP) Plating Process 

The NiP plating process is unique to electroplating 
in many ways. The introduction of phosphorus into 
a nickel deposit is not new but it does represent an 
interesting aspect of electrochemical behavior. An 
alloy of about 11 to 12 weight percent phosphorus 
has about the same density, as the remaining 
amount of nickel would be as pure nickel metal. 
This is due to the expanded atomic structure of the 
metalloid obtained. The metalloid - metallic com- 
pound formed is nearly amorphous and possesses 
some properties much like glass. In other aspects 
however, it behaves more like a metal. It is some- 


times called “glassy metal”. Although the occur- 
rence of glassy metals is rare in thermally prepared 
alloys, several versions of deposited glassy metals 
are known. Nickel phosphorus, nickel boron, tin 
nickel and nickel sulfur, are the more common. Tin 
nickel has been electrodeposited commercially for 
the exceptional corrosion resistance achieved. This 
alloy is not strong however. Nickel phosphorus and 
boron compounds may be deposited by either elec- 
trolytic or catalytic methods. In general, cobalt may 
be substituted for all or part of the nickel in most of 
these processes although the same properties are not 
necessarily achieved. 

Deposition of nickel and cobalt phosphorus has 
been accomplished for more than 50 years now 
since initial work primarily by NBS (now NIST) 
and the development of the electroless or catalytic 
nickel and cobalt plating processes. 

Previous electroplated versions of nickel phospho- 
rus have had strict limitations and have not replaced 
the electroless processes in any significant propor- 
tion. The former methods for electrodepositing 
nickel or cobalt phosphorus alloys required high 
temperature plating to control the internal stress of 
the deposit, and proceeded with very low efficiency. 
In addition, the pH of the past processes was very 
low (acid) making the solution very corrosive to 
base metals and supporting equipment. As such 
there were no soluble anodes used, requiring fre- 
quent addition of chemicals much like in the elec- 
troless processes. With the high temperature, low 
plating efficiency, corrosive solution and constant 
chemical additions required there has been little in- 
centive to use the prior art electrolytic NiP process. 
An exception is that for the production of heavy de- 
posits, the electrolytic processes have been used due 
to the decreased formation of solution phase pre- 
cipitation. This frequently occurs in the electroless 
processes, mandating frequent stripping of the proc- 
ess tanks and equipment. 

The present Constellation-X NiCoP process permits 
low stress operation at low temperature, 45° C, with 
soluble anodes to limit maintenance to pH control 
and infrequent adjustments between plating runs 
similar to most other plating processes. Perhaps the 
most significant advantage of the new process for 



this or other optical applications is the real-time 
control of stress. Also the process may be operated 
for extended periods with little operator intervention 
required other than periodic phosphorus and pH 
control and routine equipment checks for safety. 
Continued development of this category material 
has led within the past two years, to improved 
glassy metal properties wherein the best attributes 
of glass and metal are sought. In particular for this 
application is the fact that the material must have 
exceptionally low microyield at room temperature 
or below. This is to sustain removal from the man- 
drel and additional handling steps when shells are of 
extremely low aspect ratio with respect to the ratio 
of diameter to thickness. 

At the same time, the strength must be very high 
compared to glass, to allow for handing and manu- 
facturing steps. There is no appreciable permanent 
strain or hysteresis in this material up to about 
8*10 5 kPa at room temperature. It appears that un- 
der optimum conditions, the material can be loaded 
to near failure at as much as 1.8* 10 6 kPa without 
significant permanent deformation. This represents 
an incredible improvement in yield strength proper- 
ties over most metal forming processes and all other 
known electroforming processes. Conventional 
nickel plated from a standard sulfamate solution 
shows the first microyielding at less than 6*10 4 kPa. 
Thus more than one order of magnitude improve- 
ment has been realized in PEL. 

The NiCoP or NiP electrolytic processes appear to 
have superior properties and control mechanisms 
for many applications including optics. The pre- 
ferred use of this material for other applications is 
obvious. For any situation requiring diamond ma- 
chining such as in optics, and heavy deposits of 
0.05 mm or more, the electrolytic deposit may be 
more desirable. Indeed electroformed shapes of 
more than 0.6 centimeter thickness are possible in 
one step with the new processes and has been 
demonstrated. 

From a conservation point of view the use of the 
electrolytic processes will save time, conserve en- 
ergy and eliminate costly down time for cleaning 
and rejuvenating the electroless processes. The use 
of cobalt can be eliminated for all but the most criti- 


cal hardware. 

From this material data it is obvious that the use of 
the electrodeposited nickel phosphorus or nickel 
cobalt phosphorus has certain advantages over ei- 
ther the electroless nickel phosphorus or the con- 
ventional electrolytic nickel or nickel cobalt. This 
in addition to the relative operational ease of the 
new electrolytic versions compared to the elec- 
troless process should make the new processes at- 
tractive for many applications. Additional benefits 
in cost, downtime, health and safety and pollution 
control should add even more to the benefits of the 
new processes. For cases requiring deposition of a 
very uniform deposit into deep recesses, the elec- 
troless processes will prevail. 

Control Mechanism for NiCoP Alloy 
Electroplating 

Three kinetic processes prevail in the case of plating 
the NiCoP alloy. The nickel is in sufficient supply 
to reduce according to Faraday’s Law throughout 
the range of interest. The cobalt is added at about 5 
to 10 % of the nickel concentration and mandates a 
lower limiting current density. The presence of the 
phosphorus will inhibit the cobalt deposition at low 
current however, and acts as a self-stabilizing con- 
trol. Thus increased pH along with a complexant 
reduces the amount of cobalt in the deposit for a 
given set of conditions. Increased current density 
actually increases the cobalt from about 4 mA/cm 2 
up to about 20 mA/cm 2 where the cobalt reaches 
about the same concentration as the nickel in the 
alloy. Beyond this the phosphorus content falls off 
and internal stress increases. 

The phosphorus deposition rate is limited by the 
reaction kinetics. At a given temperature the depo- 
sition rate of phosphorus will tend to be maximum 
for the lower current density and higher agitation. 
The phosphorus competes for reduction electrons by 
virtue of the relative potential and transference 
properties in competition with the cobalt. Measured 
values of phosphorus in the deposit show that as 
long as the sodium hypophosphite in solution is 
above 1.5 or 2.0 grams/liter, the phosphorus in the 
deposit is generally above 1 1% by weight within the 
current density range of interest. As the agitation is 


increased the available cobalt in the diffusion layer 
increases replacing some of the nickel and lowering 
the stress. Thus at higher agitation levels the cur- 
rent density may be increased while maintaining 
low stress while reducing the phosphorous concen- 
tration. 

At a fixed temperature and agitation, when the cur- 
rent density is increased, the very interesting and 
unusual effect is that from the lower acceptable cur- 
rent density from about 5-12 mA/cm 2 the stress 
decreases while the cobalt increases. This is in con- 
trast to a conventional nickel cobalt process without 
phosphorus where the cobalt decreases due to lim- 
ited concentration and accordingly the stress de- 
creases. From this point on the stress behaves in a 
more conventional manner and increases. Thus the 
stress initially decreases, crossing zero at the low 
end at about 6-10 mA/cm 2 , reaches a minimum at 
10 - 12 mA/cm 2 , then increases and crosses zero 
again at about 17 - 20 mA/cm 2 . If vigorous agita- 
tion is applied, presumably approaching turbulent 
flow, i.e. Re > 2000, then the stress remains com- 
pressive beyond 30 mA/cm 2 at 45°C. Throughout 
the entire range, the stress is acceptable for all but 
the most critical operations such as freestanding op- 
tics wherein the zero stress point is sought. See fig- 
ure 4. 

Solution Operating Life 

Two factors control the solution life span. First the 
electrolytic aging effect, primarily due to an imbal- 
ance of material removed by electrolysis versus 
what is required to maintain the process. Secondly 
are reactions that may occur outside of the required 
charge transfer balance for reduction of the nickel, 
phosphorus and cobalt by electrolysis. 

Hypophosphite initially used for the supply of 
phosphorus converts exponentially to ortho- 
phosphite less the electrolytically deposited phos- 
phorus in the alloy. It is extremely interesting to 
note that during the course of this oxidation state 
change there is very little change in the deposited 
alloy, efficiency or properties. However after the 
hypophosphite has converted (ca 1 to 2 amp- 
hours/liter) the phosphorus falls off in the deposit. 
Beyond this point the phosphorus can be added as 


sodium hypophosphite. Thus as the plating of a part 
consumes phosphorus at 11% of the weight of the 
deposit as a whole, this amount as phosphorus is 
replaced using sodium hypophosphite. This 1:1 
phosphorus consumption ratio is in sharp contrast to 
a conventional electroless nickel process wherein 
the solution maintenance consumption of hypo- 
phosphite is typically five times the equivalent de- 
posited phosphorus. This consumption leads to an 
early saturation of an electroless nickel bath with 
orthophosphite. See Fig. 5. 

To date small 35-liter nickel cobalt phosphorus so- 
lutions prepared for testing have been operated with 
no adverse effect after about 200 amp-hours/liter 
(equivalent to about 180 grams/1 as metal. This is 
equivalent to about 6 times the normal life of an 
electroless process. No solution phase precipitation 
has been observed while plating Samples for hard- 
ness and machining tests were electroplated more 
than 0.6 centimeter thick, and appear perfectly 
sound. One of a series of 4 liter test solutions of 
NiP without cobalt operated at 60 - 65 degrees Cen- 
tigrade was producing sound deposits after 200 
amp-hour/Iiter of operation with a nickel anode. 

The chemistry of the 2500-liter process solution 
used to form the large mirrors, appears to be quite 
stable and has not given indication of deleterious 
changes. The electrolysis raised the nickel slightly, 
converted a portion of the initial hypophosphite to 
orthophosphite, and required pH maintenance. 

Summary: 

All three of our fabrication goals appear to have 
been achieved, low internal plating stress, low ad- 
hesion and high microyield electroformed thin wall 
shells. Separation of thin shells has been accom- 
plished without distortion from high forces due to 
high adhesion. Stable, low stress NiCo, NiP and 
NiCoP electroplating processes are established. 
Soluble anodes have been used for about twenty 
four months with no sign of degradation of the NiP 
and NiCoP process. Capillary electrophoresis has 
been used to maintain this process. Anode chips are 
replaced as they are consumed by the plating. See 
figures 6 and 7. 
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Figure 1 

Comparison of Internal Plating Stress 
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Fig 2 

Elastic Behavior of Nickel Alloys 


Minimum Shell Thlcknee* V» Adhesion 


j^— »lg Kg/cm 38 kg, 'em 54 fcgfCffl ~ - 72 kylcm — -90 kg'em [ 
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Figure 4 

Effect of Agitation on Stress for NiCoP 


Hypophosphtte and Orthophosphite versus Aging 


| Hypo 351 " Ortho 35 1 1 



Figure 5 

Oxidation of Hypophosphite 


Figure 3 

Minimum Shell Thickness Based on Micro-yield 









Figure 7 

Glassy Nickel Shell, 0.25 Millimeter Thick 




